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ARTICLEINFO ABSTRACT

Keywords: Perovskites StMoOs doped with Er** and Nd3* in a range of concentrations from 0.2 to 8 %mol

gi‘i‘c’l‘;kite'ty pe have been studied, by X-ray diffraction, scanning electron microscopy and optical

Erbium spectroscopy. The structural characterization shows tetragonal symmetry and l41/, (n? 88) as

SNeodymi?m space group. Ultraviolet- Visible- Near Infrared (UV-Vis-NIR) photoluminescence properties
tructura

Characterization
Optical properties

have been studied, obtaining that the materials are optically active in the optical due the
lanthanide ions. The Er*>* doped perovskites exhibit a strong green upconverted emission that

can be seen with the naked eye when the sample is excited at 795 nm. This green emission
has been studied at different Er** concentrations and is associated with upconversion
processes involving two NIR photons. For the Nd3* doped perovskites a study of the

luminescence decay curves is done

1 Introduction

In the recent years, perovskite oxides with general
formula ABOs are being widely studied due to their
incredible properties'-4, which make them suitable
for a wide range of applications such as catalysis® ,
high temperature superconductivity®,
ferroelectricity’, solid oxide fuel cells(SOFCs)® etc.
Among the perovskites, SrMoOs; was selected as a
general matrix because of its cubic symmetry.
Nowadays materials based on SrMoOs; are being
researched as promising anode in SOFCs?-1°,

The lanthanide doped perovskites are taking special
relevance'’-'3, among all trivalent lanthanides (Ln>*),
Er** and Nd3** stand out due to their well-defined
peaks, an incredible photostability and long excited
states lifetimes!#1>, All these characteristics make
these doped materials of interest for luminescence
applications, for example in laser materials'®,
optoelectronic and temperature sensors!’. One of the
most important processes that occurs to these
lanthanides is the IR-to-visible energy upconversion
(UC)'8-21, This process was discovered in the 1960s by
Auzel??, who described it as a process in which two or
more photons of lower energy excitation light,
commonly NIR, were converted into photons of
higher energy emission light, visible and ultraviolet,
by a non-linear anti-Stoke process. This mechanism is
different from other optical processes which also use
two or more photons of lower energy to produce
higher energy emissions such as multiphoton??,
fluorescence?* or second harmonic generation?>%,
The difference between these processes and UC is the

involvement of intermediate electronic states in the
system, the UC process is mediated by electronic
states, while in the others a real electronic state does
not take part. Because of this difference, the processes
based on the simultaneous interaction of two or
more photons requires 5 to 10 orders of magnitude
higher excitation powers.?’ In order to generate the
UG, at least one real metastable states must exist, the
lower energy state is normally in the NIR range and
acts as an energy storage, then the higher state
normally in the Vis range is the responsible of the
emission of the upconverted energy photons. The first
state must have a long lifetime, making it able to
accumulate transient population, which increase the
probability of interaction with other photons?8,

There are different UC mechanisms well
stablished?®-31. The majority involves the absorption
and non-radiative energy transfer steps. In figure 1
the most important UC processes are schemed.
Excited state absorption (ESA) is a single ion
mechanism where, the ion absorbs two photons in
the same laser pulse, one gets to the intermediate
state by ground state absorption (GSA) and the
second to a higher energy state. The other process is
referred to energy transfer upconversion (ETU), in
this mechanism two ions are excited into the
intermediate levels via GSA , then by a non-radiative
energy transfer between the two ions, one is
promoted to a higher excited state, while the other
simultaneously relaxes to the ground state. In overall
in both processes, two excitation photons are
converted into one emitted of higher energy>2.
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Figure 1. Schematic representation of the most
important UC mechanism: Ground state absorption
(GSA), excited-state absorption (ESA) and energy
transfer upconversion (ETU). Dotted lines represent
nonradiative energy transfer processes, downward
solid lines indicate radiative transitions.

The lanthanide trivalent (Ln3*) ions are interesting for
the upconversion processes because they commonly
have more than one metastable level. This is because
the optical active 4f electrons are shielded from the
environment by outer electrons such us 5s and 5p
electrons, so they have small coupling electron-
phonon strength. The luminescence processes are
more competitive, which make their excited states
lifetimes in the order of ps or more32.

This work presents, for the first time, the synthesis of
Er** and Nd3** SrMoOs; doped perovskites using the
ceramic method, as well as the study of the structure
by XRD and SEM, as well as the absorption and Stokes
and upconverted luminescence properties. The
present study compares the luminescence properties
as a function of the lanthanide concentration, which
act as the optical active ion. The purpose of this
research is to characterize these new materials and
discuss the possible applications they may have.

2 Experimental methodology

Perovskites with composition LnkSrixMoO3 (Ln= Er
or Nd // x= 0,01~0,4) were synthetised by using the
ceramic method. The precursor was obtained from
mixing erbium oxide (Sigma Aldrich 99.99 %),
molybdenum oxide (Sigma Aldrich 99%) and
strontium carbonate (Sigma Aldrich 99%) in a
planetary ball milling 20 minutes at 600 r.p.m. Then,
the precursor obtained was heated at 800 °C for 12 h,
cooled down to room temperature, milled manually
in a mortar and heated on a second heat treatment at
1150 °C for 24 h. The object in these thermal
treatments is to achieve the perovskite SrMoOs;

structure.®. The X-Ray powder diffraction of the
perovskites was carried out by using a diffractometer
(PANalytical X’Pert Pro) with CuKal radiation
(2=1,5406 A) in the range of °26 from 10 to 80. The
scanning electron microscopy images (ZEISS EVO 15
SEM) were measured with 2 nm resolution with a
coupled energy dispersive X ray analyser (EDX)
(Oxford X-MAX of 50 mm?). Due the non-conductive
and powder nature of the compounds, the samples
were prepared with a carbon coating in order to
achieve the image*3.

Absorption spectrum was measured on a UV-Vis
spectrophotometer (Agilent technologies Cary 5000)
by using a diffuse reflectance configuration. The UV-
Vis excitation and emission spectra were recorded on
a photoluminescence spectrometer (FLS 1000
Edinburgh Instruments) exciting with a 450W Xe arc
lamp. The NIR emission spectra were measured by
exciting the perovskites with a Ti: Sapphire tuneable
laser system, (3900S Spectra Physics) pumped by a
15W 532 mm laser (Spectra Physics Millenia Prime),
adjusted at different wavelength depending on the
lanthanide. The luminescence was acquired using a
spectrometer (Andor Shamrock 500) coupled to a
visible and InGaAs CCD cameras. The study of the
lifetime of the excited states were done exciting the
perovskites with a 10 ns pulsed optical parametric
oscillator (OPO EKSPLA/NT342/3/UVE) with a
photomultiplier (Hamamatsu R928) as a detector
through a single grating monochromator (Jobin-Yvon
Triax 180) connected to a digital oscilloscope (LeCroy
WS424).

3 Results

3.1 Structure

3.1.1 X-ray Diffraction (XRD)

X-ray patterns of the samples are presented in figure
2. The patterns reveal well defined Bragg positions
that were indexed in the structure that exhibit
tetragonal symmetry with the space group l41/, No. 88
Z=8.Crystal structure parameters have been obtained
after fitting the patterns of each perovskite by the
Rietvelt method?* (see figure 3) using the FULLPROF
program.3>3¢ The parameters of fitting and reliability
factors are shown in table 1.

Table 1. Cell parameters and reliability factors
resulted from fitting XRD pattern of the perovskites.

Cell parameters and reliability factors

Perovskite a(d)  b@A) e | VAY) | ¥ | B | Ry | Ry

NdooSrosMoO; | 5,38 | 5,38 | 11,98 | 3474 | 42,7 | 7,11 | 13,2 | 2,02

Ndo 1St 5oM0Os | 5,40 | 540 | 12,02 | 3500 | 424|744 | 125 | 192

Erg;SrgoMoO; | 5,39 | 539 |12,00| 348,6 | 350|692 | 11,9 | 2,01

Erg;Srg90M00O; | 540 | 540 |12,03| 3503 | 302|633 | 10,5 | 1,90
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Table 1 shows the cell parameters and the reliability
factors of some of the studied perovskites, those with
high concentration of lanthanide are not shown since
their agreement factors were not that good. The
reliability factors in general, tends to be Ilow,
indicating that a good mathematical treatment was
done. Looking at the X-ray patterns (see figure 2) all
of them look very similar, and they exhibit the same
peaks in almost all °26 range; When concentration of
lanthanide increases some peaks appears: one
around 30°, and the other around 47°. The appearance
of these peaks may imply that the perovskite
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Figure 2. X-Ray diffraction patterns of the different
perovskites, on top Nd** perovskites, at the bottom
Er’*Perovskites. Important to note that some
diffractograms are moved in order to achieve a better
comparison between them.
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Figure 3. X-ray diffraction pattern with Rietvelt
treatment of Ndo0:1Sro99Mo0Os. The experimental
pattern is observed in red; the calculated pattern is
observed in black, the difference between the
experimental and the calculated is observed in blue
and the Bragg positions as the vertical green lines.

structure is undergoing a symmetry change. The
SrMoOs; structure was reported as cubic
perovskite®?’, the inclusion of Ln?*' generates a
distortion in the cubic structure because they are
placed in the position of the Sr?*, this is evidenced by
the reduction to tetragonal symmetry that all
perovskites present, an increase in lanthanide
concentration may cause an even greater decrease in
symmetry.

3.1.2  Scanning electron microscopy (SEM)

SEM images are presented in figure 4, where the
structure at microscale is observed. The distribution
of the elements is presented in figure 4, where SEM
images are combined with X-ray diffraction (EDX)%.

ag = 500X EHT = 20.00 kv WD =7.00 mm

ig= B00KX EHT=20.00kv

Figure 4. SEM images of the perovskites

In figure 4 the SEM images show the nanocrystalline
powder obtained, in which the compound is seen as
agglomerated flakes of different shapes and sizes
from 10 to 20 pm. In addition, the magnetization of
the microscope is shown in both pictures. By
observing the bottom image (zoomed one) one can
get an approximation value for the grain size, around
4.3 pm in the case shown in figure 4, this value of the
grain size is comparable to other studies®.
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Figure 5. EDX images of the distributions of all the elements, left image shows the complete distribution and the

right images show the distribution of every element.

Figure 5 shows that all the elements are
homogeneously distributed in the material,
indicating that the structure is well defined and the
lanthanide, Nd** in this case, appears to be
incorporated in the crystalline structure.

3.2 Photophysical properties

3.2.1 Absorption and luminescence properties

The first step in order to study the optical properties
of the Ln-doped perovskites was to analyse the
absorption spectra, using an integrating sphere, in
order to take absolute values. A total of nine
transition bands have been observed for the erbium
perovskite, all starting from the “l;s;» ground state
(See figure 6).
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Figure 6. Absorption spectra of Ero4SrosMoQOs
perovskite in the range from 310-880 nm with the
transitions from the ground state *I;5/,

For the Er*>*-doped perovskite, the transition with the
highest absorbance is %lis;, — G112 located at 378
nm, and *l1s2 — 2Hi1j2. This happens because of the
hypersensitive nature of these transitions.

The emission spectra of the Er** perovskites are
shown in figure 7. We can observe the characteristic
green bands of Er** which corresponds to
(®Hi1j2, 4S32) —?lis2 transitions with the highest
intensities, really close, but with less intensity the red
emission corresponding to 4Fgj2 — “I15/2 transition. In
the NIR range at around 850 nm, corresponding to the
4S3/2 — “4l13)2 transition is also obtained. These peaks
have also been found in other works when Er3*ions
are incorporated into a perovskite structure®!.
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Figure 7. Emission Spectra of different Er** doped
perovskites obtained exciting the “I;5,—*G11)
absorption band under 378nm Xe lamp excitation.
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Figure 8. Absorption spectra of Ndo4SrosMoOs
perovskite in the range from 310-880 nm with the
transitions from the ground state *Iy..

Table 2.Transition states and peaks position for
absorbance spectra’s

Erbium Perovskites Nedodymium perovskites

Transition Peaks Position Transition Peaks Position
Géfc’:t';d E;f;tteed ErgSTosMoOs G;fc’:tr;d Excited State  Ndg4SrosMoCs
+0,5nm 10°%cm’”’ +0,5nm 10%cm’”’

e Yo 7950 12,58 | Clgp “Fare 8725 11,46
*Fg 6565 1523 *Fsa+ Hopn 803,5 1245

%S, 5445 1837 *Fua+ 2Sap 7530 13,28

*Hy, 5205 19,21 *Fasz 687,5 14,55

‘F,. 4890 2045 "Hy1/0 631,0 1585

*Fsgyz 4520 2212 *Kiga+ "Gy 5845 17,11

"Ho, 4070 24,57 Gyt ‘Gsp 531,5 18,81

*Gp;, 3785 2642 2Ggjp+ “Dajp + *Kis2 4790 20,88

In the case of neodymium, a total of 15 transitions
bands have been observed from the 4lo;» ground state
(See figure 8). The transitions with the highest
absorbance for the Nd3* are “4lop, — (2Ki3/2+*G (7.9)2)
where the Nd3* gain access to a triplet excited state.

All these transitions are electrically dipolar in nature
forced by the interaction of the 4f electrons of the
lanthanide and the valence electrons of the closest
ligands, the transitions were assigned using the well-
known Dieke’s Diagram.*> All peaks for both
perovskites with their wavelengths and energies are
listed in table 2. The sharp peaks profile obtained in
both spectra confirm that the Er**/Nd** ions are
incorporated in the crystalline structure of the
perovskite.

The dependence of the luminescence and the Er®*
concentration is clearly seemed in the mentioned
transitions, when the concentration of Er** decreases,
the intensity tends to higher values. This can be
explained by different cross-relaxation energy
transfer processes involving the ground state and the
emitting levels.
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Figure 9. Luminescence decay curves of NIR emissions
of different Er** doped perovskites

In order to check the energy transfer channels, the
lifetime of some excited states was measured, for the
Er** doped perovskites (See figure 9), the relaxation
observed was the %l132 — “l152 , exciting wavelength
was set at 480 nm and the emission was observed at
850 nm wavelength. For low concentration of
optically active ions, it is expected that the
interactions between them are negligible, so the
luminescence decay is expected to be exponential.
Nevertheless, at higher concentrations these active
ions are closer to each other, and the energy transfer
processes become more efficient, and therefore non-
negligible, leading to a non-exponential decay*344,

With this situation the effective lifetime (ter) is
evaluated by using this equation cited by different
authors#4-46;

_JtxI@) xdt
Yl T T () + dt
If there are energy transfer processes:

! ! + W,
= ET
Terr To

Wer represents the energy transfer probability and 1o
is the intrinsic lifetime which can be measured if the
concentration of active ions is low enough to neglect
the interaction between ions, and therefore the
energy transfer probabilities.

In the case of Nd3* doped perovskites (see figure 10)
the relaxation observed was the “Sz;, — “lg)2 , exciting
wavelength was set at 690 nm and the emission was
observed at 934 nm wavelength. The decay presents
the same behaviour as the Er3* doped perovsKkites.
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Figure 10. Luminescence decay curves of NIR
emissions of different Nd3+ doped perovskites.
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Figure 11. Partial energy diagram of Er’* ions
showing: At left different radiative transitions
(downward solid lines) after the *I;5>—%G11/2 ground
state absorption (GSA) by excitation with a laser at
378 nm. Multiphonon (black solid lines) and energy
transfer(dashed lines). At the right the upconverted
emissions under a 790 nm laser excitation, excited
states absorption (ESA, as upward solid lines) and
energy transfer upconversion (Roman numbers),
non-radiative processes are also shown as dashed
downward lines.

The variation of the lifetime of the #I;3/, level with the
concentration of Er** can be explained with the
existence of a resonant cross-relaxation channel
(*l132, 4l13)2— “l1572,, 4l9p2), or with energy transfer from
Er3* ions to quenching traps#4.

Taking as intrinsic lifetime (o) the time measured for
the sample with the lowest lanthanide concentration
in which energy transfer processes are considered not
to occur. It is estimated that the energy transfer

probability Ln*-Ln3* (Wgr) for the samples with
higher concentration, obtained from equation 2 are,
for Eros sample the value of energy transfer is
estimated in Wer= 143811 s™! which is a really huge
value, indicating that energy transfer probability is
important in the quenching of these luminescence
due to the competition between two processes, the
spontaneous radiative deexcitation and cross
relaxation in the “l;3, level. The values of energy
transfer probabilities for the Neodymium are
estimated for the Ndo> in Wgr=5173,1 s! and for the
highest concentration Ndo4 in Wgr=38495 s-'. This
value indicates that the energy transfer probabilities
become significant when the concentration of
neodymium is higher than 0,2.

3.2.2 Upconversion processes
Some of the Erbium bands are susceptible to develop
the up-conversion (UC) phenomenon, this process as
explained in the introduction involves one
metastable state, looking at the absorption spectra(
see figure 6) we decide to excite the Er®* at 795 nm
(NIR) which corresponds with the 4lisp — “lgp2
transition, this energy will be transmitted to higher
energy levels such us 4Ss); or #Foj2 (Vis) and emitted as
upconverted emission light. The intensity of UC
emission can be studied as a function of the pump
power, studying the intensity of the signal at different
pump power will follow the following equation:
I =K=P"
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Figure 12. Upconverted emission spectra of the
Ero05Sr09sM0o0s Perovskite, the two principals Er’*
upconversion emissions are marked.

where K is a constant and n indicates de number of
photons involved in the UC process, When the
logarithmic UC emission intensity is represented as a
function of logarithmic pump power, this leads to a
straight line with a slope, indicating the value of n, If
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the value is more than ~1,5 it indicates that 2 photons
are involved in this process. The discrepancy of the
obtained value and the value of photons involved
(n=2) is explained by the saturation of the UC process
when the power increases, causing the slope of the
fitting to decrease?’.

Figure 12 indicates a direct relation between the
signal intensity and the pump power, if we focus on
just one peak and study its logarithm increase vs the
logarithmic increase of the laser power, we can obtain
the mentioned straight lines as shown in figure 12.

Figure 13 shows that a decrease in the concentration
of Er** leads to higher values of n, this proves a
dependence between Er** concentration and
luminescence. The enhancement on the upconverted
emissions is explained by different cross-relaxation
processes as explained for the figure 11.
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Figure 13. Upconversion intensity vs laser pump of
different erbium perovskites.

4 Conclusions

The Er**/Nd** doped SrMoOs perovskites has been
successfully synthetized by ceramic method in a
range of concentrations. X-Ray diffraction confirm
that the compounds obtained are perovskites with
tetragonal symmetry and with the space group lsia
(n® 88), with Scanning electron microscopy the shape
of the nanocrystalline powder is determined as
agglomerated flakes and an approximation of the size
is stablish in 10 - 20 pm. The optical characterization
of the perovskites was done where the peaks
observed in the absorption and luminescence spectra
are due the incorporation of Er>*/Nd** in the structure.
Different luminescence decay dynamics are observed
for both lanthanides, indicating that they have some
cross-relaxation channels mechanism. When the Er3*
doped perovskites are irradiated with 795nm laser

excitation wavelength, they show an intense green
upconverted luminescence. This makes these new
perovskites a promising and interesting materials for
optical devices.
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